Abstract
Introduction

65
Photosynthesis, the foundation for life, result in an enormous increase in biomass 66 production on Earth and produce oxidized compounds serving as electron acceptors 67 for heterotrophic metabolism 1 . In microbiology, organisms that perform 68 photosynthesis include Cyanobacteria, Chloroflexi, Firmicutes, Chlorobi, 69
Proteobacteria, Acidobacteria and Gemmatimonadetes 2 . Among them, only 70
Cyanobacteria carry out oxygenic photosynthesis using electrons originating from 71 water to generate oxygen as product, and evolve in ancestral near the time to the rise 72 of oxygen and eventually result the Great Oxidation Event on Earth 3 . Till date, 73 microbial photosynthesis has been only found in bacteria but not in any reported 74 archaea except a functional bacteriochlorophyll synthase identified in an uncultivated 75
Crenarchaeota, which provides the only clue of photosynthesis existing in Archaea 4 . 76
Breakthroughs in environmental and metagenomic sequencing technologies are 77 rapidly transforming the landscape for microbial evolution, especially the discovery 78 of Asgard phylum archaea and their supposed position at the base of the eukaryotic 79 tree of life 5 . It stands to reason that many phototrophs remain to be discovered, thus 80 we want to ask if these metagenomic efforts help us to uncover phototrophic Archaea. 81
Heimdallarchaeota are a member of Asgard superphylum archaea and currently 82 represent the predicted closest archaeal relative of eukaryotes, and might exist in 83 light-exposed habitats in their evolution history [5] [6] [7] [8] . However, due to far less assembled 84 genomes of Heimdallarchaeota than other Asgard members, no more light-dependent 85 lifestyle details of this uncultured archaea have been disclosed. In the present study, 86
nine high-quality assembled genomes of Heimdallarchaeota were obtained, and 87 specific analyses of their reconstructed genomes provide solid proof that 88
Heimdallarchaeota could utilize light energy through bacteriochlorophyll and/or 89 carotenoid-based oxygenic photosynthesis. Given the closest eocytic lineage to 90 eukaryotes, Heimdallarchaeota are proposed to be ancestor of eukaryotic 91 photosynthetic organisms. 92
Results and Discussion
93
Photosynthetic apparatus in Heimdallarchaeota 94
To gain insight into the light utilizing characteristics in Heimdallarchaeota, we 95 sampled aquatic sediments from a typical cold seep in South China Sea and two 96 hydrothermal vents in Western pacific (Expanded Data Fig. 1 and Extended Data 97 Table 1 ) with distinct chemical parameters (Expanded Data Fig. 2 ). Total DNA was 98 extracted from all samples and sequenced, and nine high quality (>50% completeness, 99
<10%
contamination) metagenome-assembled genomes (MAGs) of 100
Heimdallarchaeota were obtained by utilizing a hybrid binning strategy and 101 performing manual inspection and data curation (Extended Data Table 2 ). The 102 maximum-likelihood phylogenetic tree, based on concatenation of 37 marker genes 103 including 13 small subunit (SSU) and 16 large subunit (LSU) ribosomal RNA genes, 104
showed that both our and published Heimdallarchaeota MAGs clustered with other 105
Asgard superphylum members and displayed a much closer evolutionary linkage with 106 eukaryotes than other archaeal superphyla including DPANN, TACK and 107 Fig. 3 Overall, we proposed a complete oxygenic photosynthetic pathway existing in 218 Heimdallarchaeota (Fig. 3) . Firstly, PS II absorbs a photon of light to generate a 219 redox-potential by antenna proteins and reduces plastoquinone as the terminal 220 electron acceptor 3, 22 . The electrons extracted from water are further transported via a 221 quinone and the cytochrome c complex to PS I with the presence of complex III 24 or 222 alternative complex III (ACIII) 25 or other homologs existing in Heimdallarchaeota. 223
Euryarchaeota (Extended Data
Meanwhile, electrons are removed from water by PS II, oxidizing it to molecular 224 oxygen, which is released as a waste product. Then electrons are carried by 225 phylloquinone and transferred to Fe4-S4 cluster to generate NADH with electrons from8 ferredoxin in PSI 3 . After the electron transfer, NAD(P)H is reduced with the electron 227 delivering from ferredoxin 3, 22 , which further participates in Calvin-Benson-Bassham 228 cycle for carbon fixation and finally to synthesize ATP 3, 22 . 229
Heimdallarchaeota are photomixotrophic 230
Next, to gain further insight into the lifestyle of Heimdallarchaeota, we reconstructed 231 a complete metabolic pattern according to our and published Heimdallarchaeota 232
MAGs. Similar with other Asgard superphylum 26 , Heimdallarchaeota possess a 233 mixotrophic lifestyle, which can simultaneously utilize the reverse tricarboxylic acid 234 cycle (rTCA) for autotrophic CO2 assimilation 5, 6 and transport the exogenous organic 235 matter through the metabolic circuitry for their catabolism (Fig. 4 , Supplementary 236 Table 5) 6 . For autotrophic metabolism, the Calvin-Benson-Bassham cycle was found 237 to participate in carbon fixation through the RuBisCo and act as an intermediary 238 between photosystems and ATP synthase for energy producing in Heimdallarchaeota 239 (Fig. 4) . Furthermore, a variety of polysaccharide-degrading enzymes, including 240 chitinase, xylan/chitin deacetylase, diacetylchitobiose deacetylase and cellulase, were 241 also found in Heimdallarchaeota by CAZy analysis (Extended Date Fig. 6 and 242
Supplementary Table 5 ). These enzymes degraded polysaccharides like chitin, xylan 243 and cellulose to produce oligosaccharides or monosaccharides for energy metabolism 244 in Heimdallarchaeota. Moreover, methane metabolism pathway and Wood-Ljungdahl 245 pathway were believed to exist in Heimdallarchaeota MAGs (Fig. 4) . 246
Notably, aerobic metabolic pathways were also found to be ubiquitous in 247 Heimdallarchaeota 6, 27 , which completely differed from metabolic characteristics of 248 anaerobic Lokiarchaeota and Thorarchaeota 5, 6, 26, 27 . Consistent with the results of 249 previous studies 6 , the complete tricarboxylic-acid cycle (TCA) and oxidative 250 phosphorylation pathway were found to support the aerobic respiration in 251
Heimdallarchaeota. And both the aerobic kynurenine pathway and aspartate pathway 252 for NAD + de novo synthesis were also reconstructed in the present and previous 253 published Heimdallarchaeota 6, 28 . Particularly, the aerobic kynurenine pathway of 254
NAD
+ biosynthesis was exclusively found in Heimdallarchaeota compared with other 255 archaea, which is only present in eukaryotes and very few bacterial groups 28 . This 256 pathway has been considered to originate from the protoeukaryote ancestor in 257 oxygen-containing niche, which might be acquired through horizontal gene transfer in 258
Heimdallarchaeota
6 . In addition, other molecules in oxygen-dependent metabolism, 259 such as aerotaxis receptor and bacterioferritin, were also identified in 260 Heimdallarchaeota MAGs. All the above evidence indicates that oxygen must be 261 present in the environment where Heimdallarchaeota inhabit. But this seems to 262 contradict the strict anaerobic lifestyle existing in other Asgard archaea like 263
Thorarchaeota and Lokiarchaeota in the same niche 5, 6 . Therefore, we infer a more 264 possible hypothesis that the oxygen presenting intracellular environment of 265 Heimdallarchaeota might be generated by their performing photosynthesis. 266
Consistently, Heimdallarchaeota have already evolved protection mechanisms against 267 the formation of reactive oxygen species (ROS) via superoxide dismutase, catalase, 268 and carotenoids (Fig. 4) showing that blue-green light with a wavelength range of 450-550 nm might exist in 278 cold seep environment (~1100 m deep), and both long wavelength light (>650 nm) 279 and (short wavelength light (<650 nm) could be detected in hydrothermal vents 29, 30 , 280 which provides necessary condition for photosynthetic process. The 281 Heimdallarchaeota capable of detecting geothermal light and phototaxis could 282 preferentially occupy an optimum habitat, which confer them evolutionary advantages 283 in the competition for nutrient resources. Accordingly, a kind of cyanobacterium 284 collects light and passes excitation energy uphill to the photochemically active 285 pigments through longer-wavelength chlorophyll f, which facilitates this bacterium to 286 survive in dark condition 31 . Thus, we suppose that possessing a presumptive 287 photomixotrophic lifestyle may give Heimdallarchaeota more flexibility to survive or 288 adapt to the deep-sea harsh conditions. 289
A potential ancestor of eukaryotic photosynthetic organisms 290
Notably, given the close match of the emission spectra of geothermal light and the 291 absorption spectra of bacteriochlorophylls a and b, photosynthesis was proposed to 292 arise from bacteriochlorophyll a-or b-containing organisms near oceanic 293 hydrothermal vents where weak infrared radiation could be detected 32 . In the 294 evolution history of photosynthesis, the organisms were thought to initially use the 295 bacteriochlorophyll pigments to sense infrared light, and started making use of the 296 near-infrared part of sunlight when moving to shallow water through further 297 adaptation of a primitive photosystem, and chlorophylls would be eventually 298 developed to make use of higher energy (visible) light to split water 32, 33 . Meanwhile, 299 during the evolution process of oxygenic photosynthesis, a bioinorganic 300 water-oxidizing complex (WOC) was thought to serves as a redox capacitor to 301 accomplish the oxidation of two water molecules to produce O2 in PS II, which is 302 comprised with a Mn3CaO4 distorted cubane structure bound to a fourth Mn by 303 oxo-bridges 3, 34 . And photoassembly of the WOC requires only Mn 2+ and light to form 304 the high-valent WOC 3 . Interestingly, an extremely high concentration of manganese 305 element was detected in our sampling hydrothermal vent (Extended Data Fig. 2) , 306 which might promote WOC formation and play a key role in the acquiring and 307 developing of photosynthesis in Heimdallarchaeota. Consistently, Heimdallarchaeota 308 MAGs H2.bin.2 and H2.bin.81 derived from hydrothermal vent possess much more 309 photosynthetic characteristics than those from cold seep in our present work. 310
Therefore, in combination with the facts that Heimdallarchaeota are the most probable 311 candidates for the archaeal protoeukaryote ancestor in previous report 6 and the first 312 identified photosynthetic archaea in this study, we propose that Heimdallarchaeota 313 might be ancestor of eukaryotic photosynthetic organism. 314
The presence of oxygen-dependent pathways in Heimdallarchaea raises the 315 possibility that the archaeal eukaryotic phtosynthetic ancestor could have also been a 316 facultative aerobe, and the archaeal-photobacterial endosymbiosist gave birth to the 317 eukaryotic phtosynthetic ancestor took place after the Great Oxidation Event 35 . 318 by Qubit 3.0 fluorimeter (Thermo Fisher Scientific, USA). DNA integrity was 463 evaluated by gel electrophoresis and 0.5 μg of each sample was used to prepare 464 libraries. The DNA was sheared into fragments between 50-800 bp using Covaris 465 E220 ultrasonicator (Covaris, UK). DNA fragments between 150 bp and 250 bp were 466 secreted using AMPure XP beads (Agencourt, USA) and then were repaired using T4 467 DNA polymerase (ENZYMATICS, USA). These DNA fragments were ligated at both 468 ends to T-tailed adapters and amplified for eight cycles. Finally, the amplification 469 products were subjected to single-strand circular DNA libraries. All NGS libraries 470
were sequenced on BGISEQ-500 platform (BGI, China) to obtain 100 bp paired-end 471 raw reads. Quality control was performed by SOAPnuke (v1.5.6) (setting: -l 20 -q 0.2 472 -n 0.05 -Q 2 -d -c 0 -5 0 -7 1) 36 .
473
Genomes assembly, binning and annotation. The raw shotgun sequencing 474 metagenomic reads were dereplicated and trimmed by the BGI-Qingdao (BGI, China). 475
The clean data were assembled using MEGAHIT (v1.1.3, setting: --min-count 2 476 --k-min 33 --k-max 83 --k-step 10) 37 . Thereafter, metaBAT2 38 , Maxbin2 39 and 477
Concoct
40 were used to automatically bin from assemblies. Finally, MetaWRAP 41 was 478 used to purify and generate data to get the final bins. Manual curation was adapted forreducing the genome contamination based on differential coverage, GC content, and 480 the presence of duplicate genes. The completeness and contamination of the genomes 481 within bins were then estimated by using CheckM 42 . Gene prediction for individual 482 genomes was performed using Glimmer (v 3.02) 43 . The detail information of key enzymes involved in phylloquinone biosynthesis is 606 listed in Supplementary  Table  4 .
SEHCC, 607
2-Succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate; SHCHC, (1R, 608 6R)-2-Succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate. 
